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Abstract-Ligand field analysis of [Cr(ox),] 3- has been performed using the angular overlap 
model (AOM) approach. The metal-oxygen interactions were treated as locally anisotropic. 
The Trees’ correction and the explicit treatment of the second coordination sphere were 
included. A set of parameters was derived which reproduces both the quartet bands and 
sharp doublet lines. Relationships between structural and spectral data were investigated. 
In the previous paper of this series’@) we have 
reported our studies on the tris(oxalato) 
cobaltate(II1) ion in an attempt to examine the 
nature of metal-oxygen interactions, and to deter- 
mine the extent of transferability of ligand-field par- 
ameters across the series of chromophores 
M06_,,N3,, n = 0, 1,2. 
Already in the initial stages of that work we 
turned our attention also to chemically analogous 
chromium(II1) complexes. In addition to offering 
the possibility to extend the range of systems on 
which we intended to investigate the above-men- 
tioned hypotheses, [Cr(ox),13- presents a textbook 
example for ligand field studies.2s3 The latter is due 
to its rich and characteristic electronic absorption 
features. 
It is therefore not surprising that [Cr(ox),13- has 
been widely investigated both experimentally and 
theoretically. Thus, while our work was in progress 
(parts are described in Ref. l(b)) Schmidtke et al. 
have published an analysis of the quartet spectra4 
and the doublet spectra’ of [Cr(ox),13-. Also, 
among several examples in a review on sharp line 
spectra, Hoggard6 commented on the results of an 
AOM analysis of [Cr(ox),13-. The paper4 attempted 
to explain the observed large trigonal splitting 
of tris(oxalat0) and tris(acetylacetonat0) 
chromate(II1) ions (the latter being of almost reg- 
ular octahedral coordination) using the non-addi- 
tive AOM approach due to the phase-coupling in 
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the n-conjugated chelate rings. However, it was 
shown4 that such an approach is not required for 
the analysis of oxalato chelates. 
METHODS 
Computational procedures employed in this 
work are based on the AOM formalism7-lo and 
complete matrix diagonalization methods. I ‘*I ’ 
They have been fully described previously. ’ 3 Exten- 
sions to the AOM treatment used in the study of 
[Cr(ox),13- were outlined in the preceeding 
paper. 1(a) 
RESULTS AND DISCUSSION 
In the ligand field analysis of [Cr(ox)3]3- we have 
first optimized the parameters on quartet spectra. 
Then we have proceeded to fit the doublets spectra 
starting with those parameters. At this stage, we 
refined the parameters and introduced necessary 
extensions to the model in order to reproduce the 
spin-forbidden transitions and their splittings. This, 
eventually, led us to formulate the best parameter 
set and the conditions required to fit the whole 
optical spectrum of [Cr(ox),13-. 
Quartet spectrum of [Cr(ox)3]3- 
Development of parameters. As in the case 
of Co”’ ‘W the basis for the ligand field analysis 
of [Cr(bx,,13- was X-ray structural data14 on 
the following five complexes : (NH,),[Cr(ox),] - 
2Hz0,” K3[Cr(ox)3]*3H,0,‘6 (Me4N)3[Cr(ox)3] - 
2673 
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Table 1. Selected structural data on [Cr(ox),13- complexes 
CSD 
Refcode” 
Space Average values 
group Chelate angle (a) u 6 0 
AMOXCR P-1 84.835 84.221 80.036 82.36 56.31 50.35 
CROXKH p2,lc 82.475 82.513 81.749 82.25 55.52 47.85 
DITFER P-l 82.427 82.352 82.201 82.33 57.08 52.51 
SOXCRP c2/c 82.428 82.799 82.244 82.49 55.99 49.79 
FEPCOS P-l 82.371 82.073 82.000 82.15 56.23 49.81 
u Refcodes :
AMOXCR--(NH.,)3[Cr(ox)3]*2H20,‘5 
CROXKH-K,[Cr(ox),] . 3Hz0, I6 
DITFER+Me4N)3[Cr(ox)3].H,0,‘7 
SOXCRP-Na,[Cr(ox),] - 5H,O,” 
FEPCOS--(NH,),[Cr(ox),] ~3H~0.‘~ 
H20,” Na,[Cr(ox),] * 5H20,18 and (NH,),[Cr(ox),]. 
3H20,19 (Table l), as well as the spectral data on 
[Cr(ox),J3-.2”23 
Commonly observed quartet spectra consist of 
two broad maxima at around 17.5 kK (4T2J and 
24.5 kK (4T,,). Trigonal splitting of the first spin- 
allowed band is observed20*2’~23 as 4A, < 4Ea in the 
monocrystal polarized spectra of Cr”’ doped in 
NaMg[Al(ox),] - 9H20. Qualitatively similar split- 
ting was inferred from the analysis of CD 
spectra.24s25 The symmetry-forbidden 4A2 com- 
ponent of the second (4T,,) band has been 
observed,4r21 due to vibronic coupling, as a weak 
band in polarized spectra. 
Due to the fact that the crystal structure of 
NaMg[Al(ox),] - 9H20, the host lattice for all pub- 
lished solid-state electronic spectra of [Cr(ox),13-, 
is not known, we have chosen an idealized average 
geometry of [Cr(ox),13- as a starting point for 
ligand-field analysis. The trigonal model structure 
was obtained by averaging over 12 oxalato rings 
from the four crystal structure determinations, and 
imposing the C3 symmetry. This average structure 
is characterized by: 01 = 82.315”, 8 = 56.22”, 
o = 50.06”, and II/ = 50.01”. 
Preliminary calculations with different crystal 
structure geometries and idealized trigonal geo- 
metries showed that the positions and the order of 
trigonal components, as well as the extent of tri- 
gonal splitting, is dependent on small structural 
variations and on the presence or absence of a C3 
axis. 
Therefore, we have set the following weighting 
criteria for parameter optimization. Highest rela- 
tive weight was ascribed to the order of trigonal 
components of the “first” quartet band, taken as 
4A1 < 4Ea, as found both in the solid-state optical 
spectra20,21*23 and in the solution CD spectra.24*25 
In the same way we have treated the position of the 
baricentre and the 4Eb component of 4T1,(0,J. The 
magnitude of trigonal splitting, the order of the 
components of the “second” quartet band, and the 
position of the 4A2 component of 4T1,(0,,) were 
given lower weight in the fitting procedure. 
During the optimization the values of F,, F4, e, 
and e, were allowed to vary. It was found that 
the results are quite insensitive with respect o the 
variation of the spin-orbit parameter. Therefore, its 
value was fixed at 115 cm- ’ in agreement with 
previous studies.4 The position of the 4T, bari- 
centre is sensitive to e, and e, parameters, and the 
order of trigonal components depends upon e,. 
Second quartet band is dependent on F2 and F4 as 
well. The best parameter set for quartet spectra 
(Table 2) yielded for cubic crystal-field parameter, 
Table 2. Comparison of experimental and calculated 
quartets spectra of [Cr(ox)J3-complexes (in cm- ‘) 
Level Exptl Calc.” 
4A1 
4E, 
Baricentre 
4Eh 
.‘Azd 
1763ob 17608 17710 
18060 18101 18020 
17917 17937 17920 
23830 23856 23840 
25160 25155 23910’ 
“F, = 1035 cm-‘, F4 = 94 cm-‘, e(a) = 6570 cm-‘, 
e(ac) = 650 cm-‘, e(ns) = 0, [ = 115 cn- ‘. 
’ NaMg[Cr(ox),] - 9H,O at 25 K.” 
’ 1.5% [Cr(ox),]‘- in NaMg[Al(ox),].9H,O at 77 K.23 
d Forbidden transition. 
‘This value shifts towards higher energies with the 
parameter set optimized on the whole spectrum and also 
with inclusion of the outer coordination sphere into 
AOM calculation (see Table 6). 
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10 Dq, 18410 cm-‘, and for Racah electrostatic lated on the idealized model of [Cr(ox),13-. Their 
parameters : C = 3290 cm- ’ and B = 565 cm- ‘. effect is shown on Fig. 1. 
Eflects of structural deformations. Three charac- The average of 12 ox chelate rings from four 
teristic modes’ of trigonal deformations (0 = crystal structures of [Cr(~x),]~- with imposed C3- 
const., 0 = const., and E = const.) were simu- axis can be classified as belonging to the 8 = const. 
(a) - , (bl 
(cl 
E &K) 
24.50: 
24.w 
23.50- 
23.w 
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Fig. 1. The influence of characteristic modes of trigonal deformations on the calculated positions of 
trigonal components of the quartet bands. (a) Simultaneous change of LX and 6 at o = 60”. (b) 
Simultaneous change of 0: and w at 0 = 54.74”. (c) Simultaneous change of 6 and o at CY = 82.31”. 
For all diagrams the best-fit parameter set for quartets spectra was used : F2 = 1035 cn- ‘, F4 = 
94crKI,[= 115cm-‘, e(u) = 6570 cm- ‘, and e(xc) = 650 cm- ‘. 
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type of deformation. For that structure, analysis 
from Fig. 1 predicts the order 4A, < 4Ea, which is 
actually observed both in polarized crystal 
spectra20,2’,4 and in solution CD spectra.24925 
Another class of structural deformations is the 
one in which the trigonal symmetry is removed. In 
order to study the low symmetry deformations as 
found in actual crystal structures, we performed 
calculations on exact crystal structure geometries, 
on the same geometries with imposed C,-symmetry, 
and with both the C3-symmetry and with chelate 
rings constrained into planar conformations. The 
results (Table 3) indicate that both the baricentre 
positions and the order of trigonal components are 
indeed highly sensitive to these deformations. 
Unfortunately, AOM results on actual crystal 
structure geometries are difficult to interpret 
because of extensive mixing of A and E components 
in both quartet bands (4T29 and 4T1,). If we assign 
symmetries to the trigonal components on the basis 
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of clustering of the energy levels, we see that the 
experimentally established order (A, < E, 
c Eb < A>) is not the same for all structures. The 
question as to whether these differences are due to 
trigonal deformations of [Cr(ox),] framework or to 
the lowering of symmetry (to C,), or perhaps, to 
chelate ring puckering, is difficult to answer due 
to the impossibility to decouple different types of 
structural deformations which often show opposite 
effects on the energies of ligand-field states. 
The order of trigonal components of the second 
quartet band (4T,,) appears to be most sensitive 
upon all kinds of structural deformations. In 
addition, this order for both quartet bands can be 
influenced by the changes in chelate ring con- 
formation as shown in Fig. 2 for the skew-boat 
type ‘W of ring puckering. 
Idealized structures derived from X-ray struc- 
tures (by imposing C, symmetry and chelate-ring 
planarity) generally show the “correct” order of LF 
Table 3. Results of ligand-field analysis” on crystal structures and idealized (trigonal) 
structures derived from X-ray data of [Cr(ox),13- complexes (in cm-‘) 
Crystal structure@ 
Level DITFER SOXCRP AMOXCR CROXKH FEPCOS 
17380 17620 17240 17410 17620 
4T, 17960 17870 17650 17630 17800 
18690 17990 17940 17930 18020 
23600 E 23620 23400 23390 23600 
4T,, 23800 23550 23600 23800 
24750 A 23910 23760 23880 23910 
Idealized structures 
Level DITFERd DITFER SOXCRPd SOXCW AMOXCRd 
4T, 18050’ 18066 17710 A 17670 A 17620 A 
17980 E 18000 E 17980 E 
4TI, 23740 E 23800 E 23846 23840f 23820f 
24500 A 24380 A 
Idealized structures 
Level AMOXCR CROXKHd CROXKH FEPCOSd FEPCOS 
4T% 17710 A 17480 A 17430 A 17840’ 17650 A 
18010 E 17820 E 17850 E 17930 E 
4TI, 23876 23490 A 23430 A 23650 E 23750 E 
23760 E 23800 E 24040 A 23860 A 
a Best-fit parameter set from Table 2. 
’ Structures defined in Table 1. 
‘Symmetry assignment was not possible due to extensive mixing of A and E functions. 
All calculated values are given. 
dTrigonal symmetry imposed. 
‘Trigonal symmetry and planar chelate rings. 
’ Baricentre. 
E (W 
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tropic AOM model, is able to reproduce well the 
experimental dam on the solid state spectra,2’*23 on
the average geometry of all crystal structures, as 
well as on the smoothed geometries of most of the 
crystal structures except for the trigonally elongated 
CROXKH. 
18.1 
18.0 
17.9 
17.0 
17.7 
17.6 
i 
17.5 
Therefore the proposition4 that [Cr(ox)3] is sub- 
jected to a trigonal compression in the host lattice 
of K,[Al(ox),] is in agreement with our results- 
but only if other sources of structural deformations 
are disregarded (as is clearly evident from the 
a = const. diagram of Fig. 1). However, we argue 
that other types of deformations, such as symmetry 
lowering, and chelate-ring puckering, (the latter 
clearly evident from Fig. 2) are equally important, 
and that without further structural data on [Cr/Al 
(ox)~] systems it is not possible to extract un- 
equivocal conclusions from the AOM results. 
-30 -40 -50 -60 -JO 
Psi angle 
Doublet spectrum of [Cr(ox)3]3- 
Fig. 2. The influence of the skew-boat ype’@’ of puckering 
of all three chelate rings in [Cr(ox),13- structure on the 
positions and splittings of quartets transitions. The best- 
fit parameter set for the whole spectrum was used: 
F2= 1118.5 cm-‘, F4= 71.7 cn-‘, [= 115 cm-‘, 
a(Trees) = 230 cm- ‘, e(a) = 6540 cm-‘, and e(rrc) = 
600 cm’. 
Development of parameters. The lowest energy 
spin-forbidden transitions in [Cr(ox)3]3- can be 
detected even in aqueous olution spectra.2*26 How- 
ever, only the low-temperature spectra of mono- 
crystals, 20*21 luminescent spectra,22 and recent exci- 
tation spectra23 provide accurate experimental 
details to identify components of 2E, 2Tlg, and 2T2, 
that arise from the lowering of symmetry of the 
chromophore and from spin-orbit coupling. 
levels (A, < E, < Eb c A,). An exception is 
CROXKH16 where it is reversed for 4T1,. This is 
interpreted as being due to high relative degree 
of trigonal elongation of this structure (the low- 
est values of o and 8 ; Table 1). On the other 
hand, idealized structures of DITFER’ 7 and 
AMOXCR, I5 which are trigonally compressed- 
or, at least, less elongated than CROXKH (see 
Table 1) show the “correct” order of ligand-field 
levels. 
The comparison of the present results with the 
calculations of Schmidtke et al4 is interesting. 
These authors4 have analysed [Cr(ox),13- on the 
basis of their electronic spectrum [17.3, 17.5, 24.3 
and 24.6 kK assigned to 4A,, 4Ea, 4Eb and 4A2, 
respectively] which is characterized by substantially 
smaller trigonal splittings compared to the pre- 
viously reported spectra.2S23 Using their para- 
metrization, with isotropic treatment of Cr-0 inter- 
actions, we obtained a good fit to the experimental 
spectrum when the actual X-ray geometry of 
CROXKH16 was used in the calculation. However, 
neither the anisotropic model nor the smoothing of 
the CROXKH structure into the C3 geometry, 
could account for the above spectral data.4 On the 
other hand our parametrization based on the aniso- 
For the optimization of LF parameters we have, 
therefore, used the data from low-temperature lti- 
nescent22 and excitation23 spectra of doublet 
transitions measured for 1% [Cam] in 
K,[Al(ox),] *9H20 host lattice, and the geometry 
corresponding to the crystal structure of 
K,[Cr(ox),]. The inconsistency of such an approach 
may be due to the possible deformations of [Cr(ox),] 
moiety in the host lattice and to the temperature 
effects (room temperature X-ray study vs low tem- 
perature spectral study). However, Coleman23 
assumed that differences between solid state spectra 
of pure Cr”’ salts and their 1% solid solutions in 
isomorphous Al”’ salts are not significant. 
The LF and AOM parameters optimized on 
quartets spectra do not reproduce the positions of 
doublets at all. But it has been shown before27 that it 
is impossible to fit spin-forbidden and spin-allowed 
transitions with the same interelectron repulsion 
parameters. Therefore, we first attempted to opti- 
mize F2 and F4 on doublets spectra keeping eqA 
parameters at their previously obtained (best-fit) 
values. This attempt failed also. Doublets spectra 
were indeed excellently reproduced (e.g. as in Table 
4) only if all parameters were subjected to opti- 
mization. However, the parameter set that emerged 
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from such a refinement (see Table 4) proved to be 
unacceptable for quartets spectra. The improved 
parameter set which could simultaneously account 
for quartet and doublet transitions was eventually 
obtained after introduction of the Trees’ correction, 
as will be discussed below. 
‘E splitting. In spin-forbidden spectra of 
[Cr(ox),13- below 15 kK a ‘E transition is ident- 
ified2’ with ‘E splitting varying over two orders of 
magnitude22 in different [Cr(ox),13- salts (see Table 
5). This splitting is ascribed22~23 to spin-orbit coup- 
ling and its relative magnitude to lattice effects. 
A number of recent examples from the litera- 
tures~2G31 point to the difficulties in interpreting 2E 
splitting in Cr”’ complexes and to various attempts 
to reproduce it in LF analyses with the help of, e.g. 
Trees’ correction,3’ second coordination sphere,3 ’ 
differential orbital expansion,27 symmetry limited 
n-orbital expansion, 29 etc. but with limited success. 
Using arbitrarily assumed values for electron 
repulsion parameters Hoggard6 postulated that the 
‘E splitting has to be much larger than exper- 
imentally deduced22 and that the supposed 2E split- 
ting reported by Coleman22 is in fact due to the 
existence of non-equivalent sites or to vibronic 
coupling. In contrast, our study showed that it is 
possible to account for the observed22 splitting of 
2E within the present AOM approach. 
The splitting of 2E is very sensitive to the changes 
in the e(nc) parameter. It is not at all sensitive to F2 
and F4 which determine the difference between 2E 
and the other doublet states. Therefore it appears 
not to be necessary to fit AE(2E- 2T1,) difference 
with e(rrs) parameter as was done by Hoggard.6 The 
spin-orbit parameter does not have much influence 
Table 4. Comparison of experimental nd calculated 
doublets pectra of [Cr(ox)J- complexes (in cm- ‘) 
Level Exptl Calc.” 
2E 144436 
14525 
15187d 15210d 
2T,, 15272 15384 
15305 15421 
20508 20522d 
27-2, 20596 20688 
20628 20702 
14440 
14527 
15171 
15264 
15319 
2049 1
20588 
20772 
a F2 = 1205 cm-‘, F4 = 88.2 cm- ‘, e(a) = 4020 cm-‘, 
e(sc) = 650 cm-‘, e(as) = 0, c = 115 cm-‘. 
b 1% [Cr(ox),13- in K,[Al(ox)J* 3H20 at 77 K.22 
’ 1% [Cr(ox)J3- in K,(Al(ox),]*3H20 at 77 K.23 
d 1.5% [Cr(ox),13- in MaMg[Al(ox),]*9H,Oat 77 K.23 
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on the 2E splitting, so it was not optimized in this 
study. Trees’ parameter, a, which was introduced 
in order to correct the calculated position of ‘T,, 
increases lightly the splitting of 2E. Last, the skew- 
boat type’ of chelate-ring puckering (but not the 
envelope type) also increases 2E splitting. 
Calculated ‘E splittings in the cases for which the 
X-ray crystal structures were available, are given in 
Table 5. These results show that both the magnitude 
and the trend within the series of [Cr(ox),13- salts 
has been well reproduced. Lower calculated values 
for ‘E splitting than the experimental ones22*23 are 
justifiable on the grounds that the present AOM 
treatment includes only the static contributions to 
splittings. 
Markedly smaller 2E splitting obtained for the 
mean idealized structure (with D3 symmetry) indi- 
cates that this spectral detail is particularly sensitive 
to symmetry lowering deformations such as those 
found in crystal structures of tris(oxalato) 
chromates(II1). Another geometrical factor that 
presumably influences the ‘E splitting is the trigonal 
compression. In the series of investigated [Cr 
(ox)~]~- structures the potassium salt CROXKH 
shows the highest trigonal elongation and 
the largest 2E splitting. It is smaller in the case of 
trigonally less-elongated SOXCRP and AMOXCR. 
In fact, the splitting is a result of various sim- 
ultaneous structural deformations (including also 
the chelate-ring conformation) and is difficult to 
rationalize on the basis of individual contributions 
Table 5. ‘E Splittings in [Cr(ox),13- salts (in cn- ‘) 
Cation Ref.” Exptl Ca1c.b Calc.’ 
NaMg 20 21 _d 
NaMg 21 20 - - 
NaMg 22 20 - - 
Na3 22 34 25 24 
(NHJ3 22 46 34 38 
(NH& - - 27 31 
K3 22 82 82 82 
(Me,N), - - 75 35 
D3 - - 12 15 
n References are given for experimental A2E reports 
only. 
‘Best parameter set for the whole spectrum: F, = 
1118.5 cm-‘, F4 = 71.7 cm-‘, e(a) = 6540 cm-‘, e(nc) 
= 600 cm-‘, e(ns) = 0, [ = 115 cm-‘. a(Trees) 
= 230 cm- ’ (see Table 6). 
‘Best parameter set for doublets pectra: Ii2 = 1205 
cm-‘, F4 = 88.2 cm-‘, e(o) = 4020 cm-‘, e(nc) = 650 
cm-‘, e(7rs) = 0, [ = 115 cm-‘. 
dCrystal structure not known. 
‘Structure of [Cr(ox),] averaged to D, symmetry. 
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taken in turn. A good example is DITFER, which 
shows highest trigonal compression (Table 1) and 
yet it yields 2E splitting comparable to AMOXCR 
or SOXCRP. The explanation for such a result may 
be sought in different chelate-ring conformations 
between DITFER and AMOXCR or SOXCRP, as 
well as in different “degree of departure from C3 
symmetry” in addition to trigonal deformations. 
1000 cm-‘, as opposed to the value estimated23 
from the analysis of experimental spectra, which is 
about 120 cm-’ for the potassium salt. We were 
not able to obtain 2T2 splittings greater than 580 
cm-’ with any sensible set of parameters (see 
below). Moreover, our lower limit to this value was 
about 180 cm- ’ which is comparable to Coleman’s 
findings. ’ 3 
2T 1 and ‘T2 states. Spin-forbidden transitions to 
the components of ‘T,, and ‘T% were described by 
several authors20*2’*23,26 who disagree in detailed 
assignments. 
Our calculations how that F2 and F4 do influence 
the baricentres of ‘T1 and ‘T2, but that variations 
in eql are particularly insignificant. Good fits to both 
‘T states are possible only with Trees’ correction 
(as shown below). Splittings of 2T states are well- 
reproduced with the parameter set optimized on 
all doublets. Splittings are influenced by trigonal 
deformations (see Fig. 3), but again the trigonal 
elongation and chelate-ring puckering appear to be 
counteracting effects which cannot be disparted one 
from the other. 
The splitting of 2T1 is insensitive towards both 
the changes in chelate-ring conformations and the 
lowering of the overall symmetry of [Cr(ox),]. These 
deformations, however, influence the splitting of 
2T2. Hoggard6 predicted a ‘T2 splitting of about 
AZ’. (a) z 
w 21.02 
2o.m lx IT2 20.20 2wA 
20.2oJ 
12.2 4 2T 7 
43 44 42 46 4146 42 20 2.152 23 54 22 
Twist angle 
Complete spectrum of [Cr(ox),13- 
The failure of conventional AOM to account, 
with a unique set of parameters, both for the doub- 
lets and the quartets transitions in the optical spec- 
tra of Cr”’ complexes is well known : a number of 
suggestions on how to cope with this problem have 
appeared in the literature.6*3 ’ 
Another problem, which did not receive such 
attention, stems from the necessity to sim- 
ultaneously fit data of different experimental accu- 
racies: sharp doublet lines (which are sometimes 
not unambiguously assigned) and broad quartet 
bands (which are sometimes insufficiently 
resolved). 
A single modification of AOM that significantly 
improved the overall fit was the introduction of 
Trees’ correction in the form as described in the 
preceeding paper. lea) Trees’ parameter a causes an 
IT,- 
I I 1 I , I , , ( 
-22 -22 -40 -46 -20 -22 40 -22 -70 
Psi angle 
Fig. 3. The influence of trigonal deformations and chelate-ring conformation on the positions and 
splittings of doublets transitions. Left : Simultaneous change of 6 and w at a = 82.31”. Right : The 
effect of skew-boat puckering of all three chelate rings in [Cr(ox),]3- structure. For both diagrams 
the best-fit parameter set for the whole spectrum was used. F2 = 1118.5 cm-‘, F4 = 71.7 cm-‘, 
c = 115 err- ‘, a(Trees) = 230 em-‘, e(a) = 6.540 cm-‘, and e(nc) = 600 cm-‘. 
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increase in energies of low-lying doublet states, it 
does not influence the position of the first quartet 
(4TQ) but it reduces the energy of the second quartet 
state (4T,,). It also increases lightly the splitting of 
*E and 2T,, and, most importantly, it decreases the 
difference AE(‘E- 2T2g). Introduction of par- 
ameter ~1, of course, requires the reoptimization of 
the other parameters. Thus, it calls for modification 
of electron repulsion parameters (I;z and F4), and a 
slight decrease in e(rrc) in order to reproduce 2E 
splitting, the change of e(c) in order to reproduce 
the baricentre of 4T,,, and readjustment of other 
parameters in order to improve the overall fit to the 
quartet transitions. 
The optimized value for CI (about 230 cm-‘) is 
larger than the one used32*33 for the analysis of free 
Cr’u ion spectra. However, similarly large values of 
Trees’ parameter were suggested before6,3’*34 in the 
case of Cr’u complexes. 
Table 6. Final results of ligand-field analysis on the com- 
plete spectrum of [Cr(ox),]‘- (in cm- ‘) 
Level Exptl” Ca1c.b 
2E 14443 14443” 14332d 
14525 14525 14493 
15187 15192 15117 
2T,, 15272 15215 15201 
15305 15235 15227 
20508 20510 20452 
2T, 20596 20700 20754 
20628 20750 20873 
“7-25, 17630 A 17580 A’ 17540 Ef 17077 A 
18060E 17870E 17940A 17724E 
4T,, 23830 E 24030 E 23860 E 23695 E 
25160 A 24150 A 24230 A 24237 A 
‘Doublets : 1% [Cr(ox),13- in K3[Al(ox),] - 3H,O at 
77 K;22,23 Quartets : NaMg[Cr(ox),] * 9H20 at 25 K.2’ 
“Geometry of the CROXKH. l6 
‘F,= 1118.5cm-‘,F,=72cm-‘,e(a)=6490cm-’, 
e(~c) = 600 cn- ‘, e(xs) = 0, < = 115 cn- ‘, cc(Trees) 
= 227 cm-‘. 
dF2 = 1118.5 cm-‘, F4 = 71.7 cm-‘, e(a) = 6540 
cm- ‘, e(nc) = 600 cm-‘, e(rcs)=O, <= 115 cm-‘, 
cr(Trees) = 230 err- ‘, together with 17 nearest neighbour 
atoms (5 potassium and 12 water oxygens) from the 
crystal lattice. 
‘Quartets were calculated with mean idealized 
geometry of all crystal structures. Agreement with exper- 
imental values is better than with crystal structure 
CROXKH [cf. note / below]. 
’ Results obtained on CROXKH with parameter set ’ 
given in order to enable comparison with the parameter 
set d in which the counterion interactions are included. 
The final results are presented in Table 6. A some- 
what eclectic nature of the data (Table 6) stemmed 
from the fact that it was necessary to combine spec- 
tral and structural information from various 
sources in a consistent way. Thus, the calculation 
with the best-fit parameter set (data column 2 of 
Table 6) was done on the crystal structure 
CROXKH for doublets and on the mean idealized 
geometry for quartets ince the exact geometry cor- 
responding to the quartets spectra is not known. 
Furthermore, the parameter set which included the 
counterion contributions, was applied onto 
CROXKH structure both for doublets and for 
quartets (data column 4 of Table 6). So, for the sake 
of comparison of the two parameter sets, calculated 
quartets pectra for CROXKH are also given (data 
column 3 of Table 6). 
An attempt to include contributions to AOM from 
the outersphere. Following Coleman’s22 suggestion 
that the second coordination sphere should be con- 
sidered when analysing the shifts and splittings of 
sharp doublet lines, we made an attempt o extend 
the present AOM treatment by including con- 
tributions from the counterions and oxygens from 
water molecules from crystal lattices of [Cr(ox),13- 
salts. 
The smallest interatomic distance between the 
Cr”’ centre and a counterion or Hz0 in any of 
known crystal structures is greater than 4 A. There- 
fore, interactions were treated as isotropic with 
e(7cc) = e(7ts) = 0. 
The value of the parameter e(a) for a counterion 
or water oxygen was taken to be inversely pro- 
portional to a power of the interatomic distance. 
R - 3 and R -’ dependence was proposed by 
Haggard,‘” but R-’ and R-’ were also used.35*36 
Our calculations were performed assuming R - ’ 
law. For the nearest water oxygen (approx. 4.2 A) 
it gives e(o) of approx. 200 cm-‘. For the positive 
potassium ion, in CROXKH16 we used e(a) par- 
ameters of similar magnitude and opposite sign, in 
line with general relations between AOM and point 
charge crystal-field parameters.37-3g 
These corrections increase splittings of all doub- 
let states (2E, 2T,,, and 2T29) as well as the trigonal 
splitting of 4T2g, and lower the energies of all ligand- 
field states. Unfortunately, for certain com- 
binations of additional parameters, inversions in 
the order of trigonal components of 4T1, states are 
observed. By and large, this increase in parameter 
space demonstrated the necessity for reoptimization 
of the entire set of parameters, reasserting that for 
such an endeavour one needs self-consistent sets of 
accurate structural and spectral data, which are not 
available at present. 
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